Aims the functional advantages of arsenic (As) hyperaccumulation by plants are poorly understood. One proposed benefit, termed elemental allelopathy, occurs when hyperaccumulated As is cycled from the plant back into the top layer of soil, allowing As hyperaccumulators to gain an advantage over intolerant species by increasing soil As concentrations ([As]) underneath their canopy. to date, there are no studies that detail the presence of increased soil [As] associated with As hyperaccumulators. In this study, we documented variation in the soil [As] associated with the Chinese brake fern, Pteris vittata L. and also compared the effects of environmentally relevant soil and solution [As] on competitor plant growth.
INtRODUCtION
Elemental hyperaccumulation is the process by which metals, metalloids or other elements are accumulated by plants from the soil and stored in high concentrations within above ground biomass (Baker and Brooks 1989; Boyd and Martens 1998; Callaway and Aschehoug 2000; Cappa and Pilon-Smits 2014) . This process can have "allelopathic" consequences if the element-enriched plant material cycles back into the top layer of soil and releases sufficient concentrations of its accumulated elements to negatively affect competitors (Rice 1984; Morris et al. 2009 ). Despite decades of research, there is little consensus on the advantages associated with elemental allelopathy (Bottoms 2001; Morris et al. 2006 Morris et al. , 2009 Cappa and Pilon-Smits 2014) . A major difficulty in identifying allelopathic effects in the field is isolating the specific chemical compounds actually causing allelopathic effects (Inderjit and del Moral 1997; Inderjit and Nilsen 2003) . The problem is exacerbated by the complex set of interactions that often occur between the accumulated elements, plant derived allelochemicals, biotic and abiotic factors (Inderjit et al. 2011) .
Most proposed elemental allelopathic chemicals are also considered essential nutrients (e.g. Nickel, Zinc, and to a lesser extent Selenium) and are only effective deterrents when soil concentrations exceed normal plant tolerance (McNair 2003; Morris et al. 2009 ). Furthermore, hyperaccumulators are typically restricted to ultramafic, metalliferous soils where they compete with local plants that are also tolerant of the hyperaccumulated element (Baker and Brooks 1989) . For allelopathy to be an effective deterrent of plant competitors, accumulated chemicals in one plant must disrupt another plant's ability to germinate or grow (Boyd and Jaffrѐ 2001; Del Fabbro et al. 2014) . If the element is an essential nutrient, or if the plant has a high tolerance to the element, the competitive advantage gained through allelopathy would be limited. Thus, it is not surprising that evidence for elemental allelopathy in nature is scarce (Furini 2012; Germ et al. 2007; Jaffe 2015; Kutman et al. 2013; Morris et al. 2009; Pilon-Smits and Quinn 2010; Rascio and Navari-Izzo 2011; Sadeghzadeh and Rengel 2011; Terry et al. 2000) . However, elemental allelopathy via toxic elements (e.g. arsenic (As)) may transcend many of the complications associated with essential nutrients and local tolerance to elevated elemental concentrations.
Hyperaccumulators of toxic elements on low elemental concentration ('normal') soil may be better models to study elemental allelopathy than hyperaccumulators of essential elements on metalliferous soils (Baker and Brooks 1989; Baker and Whiting 2002; Pollard et al. 2014) . The Chinese brake fern, Pteris vittata L. (Polypodiales: Pteridaceae), is known to hyperaccumulate As (Ma et al. 2001) . As has a long history as both a pesticide and herbicide, is toxic at low levels, and serves no known physiological function (Carbonell et al. 1998; Finnegan and Chen 2012; Garg and Singla 2011; Matteson et al. 2014; Woolson et al. 1973) . Furthermore, P. vittata is not limited to As rich soil, and will still hyperaccumulate As from low concentration soils (Jaffe 2015; Jaffe et al. 2016) . The distribution and subsequent hyperaccumulation on 'normal' soils is a rare attribute among hyperaccumulators (Pollard et al. 2014) ; as a result, P. vittata presents a unique opportunity to establish elemental allelopathy without the limitations present in other hyperaccumulators.
In the study, we investigated apparent elemental allelopathy in P. vittata by first quantifying [As] in and around plants in nature. Field demonstrations are crucial to establishing the functional significance of hyperaccumulation; however, few studies have attempted to document elemental allelopathy outside of the laboratory (Martens and Boyd 2002; El Mehdawi et al. 2011; Morris et al. 2009 ). We measured soil [As] from beneath P. vittata and from outside each plant's canopy, and used this information to establish whether the field conditions predicted by environmental allelopathy (e.g. elevated [As] underneath the fern) were present. We then tested to see if the soil collected from underneath the fern and the [As] associated with that soil negatively affected the growth of competitor species (Fuerst and Putnam 1983; Morris et al. 2009 ). We also established ecologically analogous [As] in solutions to isolate the negative effects of As on the growth of a non-accumulating competitor plant.
Hypotheses
We tested five specific hypotheses. We predicted (H 1 ) if P. vittata hyperaccumulates As and is cycling it back into the soil, soil [As] should be lowest outside of the fern canopy, higher at the base of the fern, and highest within the fern itself; (H 2 ) if As hyperaccumulation is a passive process within P. vittata, all of our sites would show similar patterns of As accumulation; (H 3 ) if soil [As] is capable of influencing competitor fitness, then the soil [As] we collected should have a negative impact on the germination success and growth of competitor plants; (H 4 ) if any other allelopathic effects besides As (i.e. fern derived chemicals) are associated with P. vittata, proximity to the fern-independent of soil [As]-should negatively affect competitor growth; (H 5 ) if As in itself is influencing competitor fitness then ecologically relevant [As] in a solution should also have a negative influence on germination success and growth of competitor plants.
MAtERIAL AND MEtHODS

Field collection
All collections were made in central Florida from May to September 2009. We identified four locations with vouchered specimens of P. vittata, Crystal River Quarry 1 (CQ1; 28°57ʹ49ʺN, 82°38ʹ16ʺW), Crystal River Quarry 2 (CQ2; 28°57ʹ911ʺN, 82°38ʹ105ʺW; located 325 m from CQ1); Dunnellon (DN; 29°06ʹ09ʺN, 82°26ʹ15ʺW), and Archer, (AR; 29°32ʹ02ʺN, 82°31ʹ10ʺ W), USA (Wunderlin et al. 2016) . To compare [As] from individual plants and their associated soil (H 1 ), across collection sites (H 2 ), and for the soil germination studies (H 3 , H 5 ), we collected P. vittata (n = 36) of similar size and frond number from each site: (AR, n = 6; CQ1, n = 15; CQ2, n = 8; DN, n = 7). We used a stainless steel pipe to collect 3 × 8 cm soil cores at the base of the fern and from 3 m away (further detail in Jaffe 2015). We air-dried soil for 24 h and then stored each sample in polyurethane tubes for analysis. At the completion of the study, we collected and air-dried two fronds from each sample plant and prepared them as herbarium voucher specimens (Carter et al. 2007 ).
Arsenic analysis
Fern [As] was measured by inductively coupled plasma mass spectrometry (ICP-MS) at Northern Arizona University in Flagstaff, AZ. The pinnae from each fern were removed and thoroughly rinsed with distilled water (DI H 2 O), and then dried in an 80°C oven for 24 h. Once dried, the pinnae from each sample were homogenized using a mortar and pestle and sieved through a 200 µm mesh screen. Each sample was weighed out to 0.2 ± 0.0200 g (including duplicates of three random samples and a standard reference material (SRM 1570A, Spinach)). The samples were then added to a 50 ml polypropylene centrifuge (CF) tube and dissolved with 3 ml of nitric acid (HNO 3 ). The CF tubes were heated at 60°C for 3.5 h, and vented in a fume hood after 45 min. The CF tubes were then filled with deionized H 2 O to 30 ml, after which the CF tubes were heated in a microwave for 90 s. The samples were then diluted by adding 4.5 ml of Rhodium (Rh) diluent to 0.5 ml of the solution, and filtered through cotton plugged pipettes. The filtration process was completed by initially running 2-3 ml through the pipettes and discarding the filtrate to remove impurities from the cotton, and then finally filtering the remaining sample solutions through the pipette.
Soil [As] was also measured using inductively coupled plasma mass spectrometry (ICP-MS) at Northern Arizona University (modified from Rayment and Higginson 1992; Rayment et al. 2003) . Soil was dried at 60°C overnight and sieved through a 10 mm mesh screen to break up clumps and dispose of large debris. The soils were then ground and sieved through a 2 mm mesh screen. Each sample was weighed to 0.2 ± 0.0200 g (including three duplicates and two SRMs (2709a, San Joaquin Soil; 2710a, Montana I Soil). The samples were dry-ashed at 450°C for 3 h and transferred to 50 ml CF tubes (Hudson-Edwards et al. 2004) ; 2.5 ml of HNO 3 and 1.5 ml concentrated hydrofluoric acid were added and then heated for 24 h at 80°C (Jones and Case 1990) . After cooling, 0.77 g of boric acid was added and the CF tubes were filled to 50 ml with deionized H 2 O. The tubes were sealed and the solution was heated in a conventional microwave for 150 s. After heating, 0.2 ml of each sample was added to a 15 ml CF tube and filled to 10 ml with Rh diluent.
Bioassay
To test H 3-5 (that As was detrimental to the growth of a competitor), we conducted a series of germination experiments using commercially purchased Oxalis stricta (yellow wood sorrel; Seedville USA, Massillon, Ohio). O. stricta is a hardy, perennial, herbaceous plant that reproduces through both seeds and rhizomes (Marshall 1987) . O. stricta meets many of the considerations to be categorized as a weed, and is ubiquitous and naturalized throughout the study sites (Jaffe 2015) . Its weed-like characteristics suggest that it is robust in a large variety of soil types, and could compete for resources with developing fern gametophytes and young sporophytes. Since weeds are fast reproducers, better colonizers and more tolerant to environmental extremes than other plant species (Sutherland 2004) , they can serve as conservative bioassays to measure the impact of elemental allelopathy.
Soil seed germination experiment
In April of 2012, a subset of the field collected soil samples were used to test the hypotheses (H 3,4 ) that soil As in general, and soil specifically from the base of a fern, negatively affected O. stricta growth. Twenty ferns, equally distributed across each site (five per location) were randomly selected.
Soil samples from the base and 3 m away of each fern were then used to germinate O. stricta seeds. The soil [As] in the selected soils ranged from 0.001 to 7.50 mg kg −1
. To germinate the seeds, a sterile 60 × 15 mm tissue culture dish was lined with filter paper and a soil mixture containing 2 g of a soil sample and 2 ml of deionized water was placed on top of the filter paper. A single O. stricta seed was placed on the mixture, the lid was replaced, and the container sealed with 'M' parafilm. The dishes were maintained under a photoperiod of 13 h light:11 h dark, and at a temperature of 26 ± 2°C. Data were collected for 10 days on germination day (testa rupture), radicle length, hypocotyl length and length from radicle tip to the base of the cotyledon (total growth) of O. stricta with the same parameters set in the solution experiment.
Solution seed germination experiment
To test the direct effect of As, independent of any soil effects, on O. stricta (H 5 ) 50 ml solutions of 0, 0.001, 0.003, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0 and 10.0 mg l −1 were made from reagent grade As 2 O 3 (J.T. Baker). This solution-based range of [As] was based on the levels of naturally occurring [As] measured in the soil across the research sites. Sample pH was maintained at 7.0 ± 0.2, using a pH buffer when necessary. Similar to the soil germination experiment, a sterile 60 × 15 mm tissue culture dish was lined with ash-less filter paper, and a single seed of O. stricta was added to each dish. Each dish received 2 ml of a given [As], the lid was replaced and sealed with 'M' parafilm (American National Can). Each [As] received five replicates. The dishes were maintained under a photoperiod of 13 h light:11 h dark and a temperature of 26 ± 2°C. Data were collected for 10 days on germination day (testa rupture), radicle length, hypocotyl length and length from radicle tip to the base of the cotyledon (total growth) of O. stricta. For the germination calculation, if a seed did not germinate, it was scored with the maximum latency within the constraints of the experimental design (10 days). For radicle:hypocotyl analysis, samples that did not germinate were excluded from analyses, and samples that had radicle growth but no hypocotyl growth were scored the maximum radicle:hypocotyl ratio (10.77) observed in this experiment.
Statistical analyses
For H 1-2 , two-way analyses of variance (ANOVAs) were used to compare the [As] of material associated with different distances from the fern (fern, soil at the base of the fern, and soil from 3 m away from the base of the fern), and across collection sites (AR, CQ1, CQ2, DN). Only sample locations with material from all three distances were included in statistical analysis. For H 3-5 , multiple regressions were used to examine the effects of [As] on the various growth metrics of O. stricta (germination day, radicle length, hypocotyl length and total growth). Two-way ANOVAs were used to discern any effect of collection site (AR, CQ1, CQ2, DN) or distance of soil collection from fern (base of a fern, 3 m away from the base) on the same growth metrics. To control for variation in background soil [As] , a growth and soil [As] differential was calculated by subtracting the total growth of O. stricta on soil from 3 m away from the total growth of O. stricta on soil from the base of the fern. This same formula was used to calculate the [As] differential. Negative numbers indicated more growth or a higher [As] in the 3 m soil. With the exception of the differential growth analysis, all other [As] analyses were log (x) transformed and all growth measurements were log (y + 1) transformed to conform to assumptions of normality and retain a meaningful 0 value. All statistical analyses were performed using JMP11 (JMP, version 11. SAS Institute Inc., Cary, NC, 1989 NC, -2007 .
RESULtS
Arsenic concentration across distance and site (H 1,2 )
The model that examined the [As] variation between distance from the fern (distance: fern, soil at the base and soil from 3 m away from the base), collection site (site: AR, CQ1, CQ2, DN) and their interaction (distance × site) was significant (F (7,73) = 11.50, P < 0.05).
[As] varied with each individual treatment effect (distance: (F (distance) = 21.88, P < 0.05); site: F (site) = 13.12, P < 0.05, and distance × site (F (distance × site) = 7.62, P < 0.05). An HSD post-hoc test showed that the soil [As] at the base of the fern was significantly greater than in soil 3 m away at DN and CQ1, approached significance at CQ2, but was not significantly different at AR (see online supplementary Table S1 ; Table 1 ; Fig. 1) .
Germination experiments (H 3-5 )
Arsenic negatively affected O. stricta growth. Results from the germination experiment showed a significant effect of As on total growth, and a significant effect for each variable: substrate (solution or soil), [As] , and substrate × [As] ( Fig. 2; Table 2 ). Soil-based [As] had a negative effect on total growth of O. stricta (Fig. 2) . This effect was reflected in the decreased growth of the radicle (Model soil : y = 3.31 − 0.31(log of [As] + 1), r 2 adj = 0.09, P < 0.05), and hypocotyl (Model soil : y = 3.50 − 0.32(log of [As]), r 2 adj = 0.10, P < 0.05) associated with increased soil [As] (Table 2) . Total growth of O. stricta was also significantly lower when exposed to [As] in a solution ( Fig. 2; Table 2 ). This effect was reflected in the decreased growth of the radicle (Model solution : y = 3.64 − 1.29(log of [As] + 1), r 2 adj = 0.32, P < 0.05), and hypocotyl (Model solution : y = 2.26 − 0.78(log of [As]), r 2 adj = 0.25, P < 0.05; Table 2 ). We also found an overall significant effect of As on germination day, a significant effect of substrate and of substrate × [As] (Table 2 ). Independently, solution [As] led to a significant delay in germination day while soil [As] did not (Fig. 3) ; t (32) = 1.67, P = 0.05). While also not significant, as the relative difference in soil [As] increased between the two soil distances, the difference in total growth of O. stricta generally increased as well (F (1,15) = 4.04, P = 0.06; Fig. 4 ).
DISCUSSION
Our results support the evidence that elevated concentrations of elements in the soil surrounding hyperaccumulators could provide the hyperaccumulating plant with a competitive advantage. Our conclusions are based on the results of the experiments to test H 1 , H 3 , H 4 and H 5. We found that soil [As] underneath the fern canopy was nearly twice as high as the soil [As] from 3 m away (H 1 ). We also found soil [As] negatively affected the germination and growth of a potential ) for fern fronds, and associated soil from the base and 3 m away at four different sites (AR, CQ1, CQ2, DN). Sources and sites not connected by the same letter are statistically different (P < 0.05).
competitor, suggesting that the consequences of elemental allelopathy could provide a functional benefit to the fern (H 3 ). We found tentative support for H 4 , as proximity to the fernindependent of soil [As]-tended to negatively affect competitor growth. We also demonstrated a strong negative effect of isolated [As] on the germination and growth of a potential competitor (H 5 ). Our study addressed the four major criteria deemed necessary for establishing the presence of elemental allelopathy: establishing toxin levels found in nature, using an ecologically relevant bioassay, characterization of toxin and determining the phytotoxic effects within the bioassay (Morris et al. 2009 ). El Mehdawi et al. (2011 reported a similar relationship with selenium hyperaccumulators; however, they also suggest that elemental allelopathic effects may have selected for the hyperaccumulation trait. However, we found that the relationship between fern [As] and their associated soil [As] varied across individuals and collection sites (H 2 ). This result suggests that elemental allelopathy is not a ubiquitous characteristic associated with As hyperaccumulation and the beneficial effects associated with it may be dependent on certain environmental conditions.
For elemental allelopathy to benefit the hyperaccumulator, the plant must not only enrich the soil underneath the canopy relative to the surrounding soils, but also do so in sufficient quantities to have detrimental effects on competitor species (Morris et al. 2009 ). Solution-based As had an immediate negative impact on growth rates at very low concentrations and delayed germination day, and while this negative relationship was generally maintained for soil-based As, the effects of soil-based As on plants were more complex. The bioavailability, and resulting phytotoxicity, of As in soil depends on its chemical state, the plant species affected, and the chemical ) as a function of collection material (fern, soil at the base of the fern and soil from 3 m away) and site collected (AR, CQ1, CQ2, DN). Fern [As] was significantly higher than soil [As] from the base and from 3 m away from the fern (P < 0.05). An HSD post-hoc test showed that the soil [As] at the base of the fern was significantly greater than in soil 3 m away at DN and CQ1, approached significance at CQ2, but was not significantly different at AR (P < 0.05). Lines connecting the different collection material at each site highlight the trends between [As] in those samples. properties of the soil (Yoon et al. 2015) . The elevated soil [As] we observed at the base of the ferns, as well as the relationship between fern [As] and the surrounding soil, was not universal across field sites. Two of the locations (CQ1, CQ2) had small increases in soil [As] in proximity to the fern relative to the other two sampling locations (AR, DN). However, a relatively small increase in soil [As] , in areas with low background [As], may have a more substantial negative impact on competitors than a larger [As] increase in areas with elevated soil [As] . In this scenario, elemental allelopathy would aid in the proliferation of P. vittata into new environments, but not necessarily provide a competitive advantage in areas with preexisting enriched soils. This study demonstrates that P. vittata are associated with higher levels of soil [As] , and these levels are substantial enough to negatively affect potential competitors. However, there are several site-and species-specific characteristics that are likely important in determining the relative benefit of elemental allelopathy (Morris et al. 2009; Song et al. 2006) . These results highlight that soil [As] varies with P. vittata in a natural environment. However, further research is necessary to establish the casual relationship between elevated soils associated with hyperaccumulators and the senescence of hyperaccumulator plant material. While the theoretical background of elemental allelopathy is well established (Baker and Brooks 1989; Boyd 2014; Boyd and Martens 1998; Hörger et al. 2013; El Mehdawi et al. 2011; Morris et al. 2009; Wilson and Agnew 1992) our study is one of the first to address its empirical assumptions in the field, and the only one to use an As hyperaccumulator. Future work needs continue to examine the potential functional advantages of hyperaccumulation across multiple species both in controlled and natural environments.
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